Abstract-We report on advanced millimeter-wave (mm-wave) photonic components for broadband radio transmission. We have developed self-pulsating 60-GHz range quantum-dash Fabry-Pérot mode-locked laser diodes (MLLD) for passive, i.e., unlocked, photonic mm-wave generation with comparably low-phase noise level of 76 dBc/Hz @ 100-kHz offset from a 58.8-GHz carrier. We further report on high-frequency 1.55-m waveguide photodiodes (PD) with partially p-doped absorber for broadband operation (f 3dB 70-110 GHz) and peak output power levels up to +4.5 dBm @ 110 GHz as well as wideband antenna integrated photomixers for operation within 30-300 GHz and peak output power levels of 11 dBm @ 100 GHz and 6-mA photocurrent. We further present compact 60-GHz wireless transmitter and receiver modules for wireless transmission of uncompressed 1080p (2.97 Gb/s) HDTV signals utilizing the developed MLLD and mm-wave PD. Error-free (BER = 10 9 , A. Stöhr, S. Babiel, S. Fedderwitz, V. Rymanov and M. Weiß are with the Universität Duisburg-Essen, 47057 Duisburg, Germany (e-mail: andreas.stoehr@uni-due.de; sebastian.babiel@uni-due.de; sascha.fedderwitz@uni-due.de; vitaly.rymanov@uni-due.de; mario.weiss@uni-due.de).
I. INTRODUCTION

S
INCE the early experiments during the late 1970s, the field of microwave photonics has expanded significantly. In recent times, the technology has matured as a disruptive alternative for several radio-frequency applications. This has been fueled on the one hand by increasing performances and reliability of photonic component technology and on the other hand by the ever-increasing operating frequencies of many RF applications. Today, a considerable number of commercial applications are already being addressed by microwave photonics [1] ; some of these applications have already achieved a substantial annual sales market in the order of 100 Meuro; [2] , while others are more in a proof-of-concept status [3] . According to a recent survey, the interest in microwave photonic technologies is especially strong in a growing number of applications utilizing the millimeter-wave frequency range (30-300 GHz) [4] . Therefore, the European Commission has supported advanced microwave photonic component and system technology developments within the IPHOBAC (Integrated Photonic mm-Wave Functions for Broadband Connectivity) project for addressing future applications in communications, radar/sensing, and instrumentation [5] .
It is the objective of this paper to report on some of the recent component developments achieved within IPHOBAC as well as on their utilization in broadband wireless systems. With respect to component developments, the focus will be on mode-locked 60-GHz Fabry-Pérot (FP) laser diodes for low-phase noise millimeter-wave generation as well as upon high-output power broadband (DC-110-GHz) photodiodes and wideband (30-300-GHz) antenna integrated photomixers. Hereafter, compact wireless transmitter and receiver modules for wireless transmission of uncompressed HDTV signals in the 60-GHz band will be reported as well as advanced 60-GHz radio-over-fiber systems utilizing spectrally efficient modulation formats. Finally, ultra-broadband wireless transmission with record data rates and spectral efficiencies within the regulated 57-64-GHz band will be demonstrated.
II. 60-GHZ MODE-LOCKED LASER DIODE
For generating mm-wave signals with comparably low-phase noise levels and without the need of any locking scheme, we have developed self-pulsating MLLDs for 60-GHz band operation (see Fig. 1 for packaged MLLD component). The semiconductor laser chip that was used for our experiment is made of a buried ridge structure, and contains an active layer based on quantum dots (QD) on InP substrate. The vertical structure was described in a previously published work [6] . Both facets are cleaved, forming a 710-m-long FP cavity. The QD-FP Laser was packaged in a module. This laser exhibits a very wide optical spectrum with a 3-dB bandwidth of more than 10 nm, as can be seen in Fig. 2 .
Passive mode-locking at a mode-locking frequency of 58.8 GHz has been obtained with these devices without the use of any specific saturable absorber. The 3-dB linewidth of the beat note generated after photodetection was below 20 kHz. The phase noise obtained from this signal was downconverted to 320 MHz using an Agilent 11970U harmonic mixer associated to a reference source and measured using the phase noise function of a Rohde&Schwarz FSEK30 electrical spectrum analyzer (ESA). The single side band (SSB) phase noise measurement result is presented in Fig. 3 . At an offset frequency of 10 kHz, the phase noise exhibits a value of 54.4 dBc/Hz. The extremely narrow linewidth for QD lasers is believed to be a consequence of reduced spontaneous emission rate coupled to the lasing mode, and sufficient four-wave mixing in these QD structures [7] .
The o/e-converted power from a mode-locked laser source is obtained thanks to the beating of the couples of optical modes during the photodetection process. If there is a phase difference between the optical modes it will also affect the electrical beat notes and thus the power of the sum of all the beat notes at as explained in [8] . If the phase dispersion in the optical spectrum is compensated using the group index dispersion of an optical fiber, it is possible to minimize the phase dispersion between all the electrical beat notes and hence to maximize the generated power at . We have measured the electrical power after photodetection from the mode-locked laser. Detection was made using a 70-GHz photodiode from . The electrical power at was measured using an Agilent E4448A ESA coupled to a -band (50-75-GHz) HP 11974V preselected harmonic mixer. The measurements were performed after propagation through different lengths of standard single-mode fiber. Fig. 4 presents the results of these measurements (squares) with a correction used to remove the contribution of the coupling losses associated to the numerous sections that had to be used and normalized to 0 dB. It can be seen that it is possible to increase the generated electrical power by about 20 dB just by adding 78 m of standard single-mode optical fiber, thus compensating the phase difference between the modes.
III. HIGH-OUTPUT POWER DC-110-GHZ PHOTODETECTORS
Uni-traveling carrier (UTC) [9] , [10] and partially depleted absorber waveguide photodetectors (PD) [11] were developed to investigate the potential advantages of the faster carrier drift velocity in both devices. The first set of devices under study was a waveguide UTC PD, without any mode convertor to couple the optical input. These devices showed relatively high responsivity (0.36 A/W) with a wide bandwith (110 GHz) and high saturation (36-mA photocurrent and 10-dBm extracted power at 110 GHz) [12] . Following this work which had demonstrated the advantages of such fast photodetectors for photonic generation of high frequency signals (from 60 to 300 GHz), further work was done in developing a PD integrated with a mode converter, in order to try and improve the responsivity of the device and make them more suitable for packaging. This mode-expanded PD used a similar active design as the previously developed devices, although they were designed to have a partially p-doped absorber layer rather than an UTC structure. The mode-expanded photodiodes were fabricated to a multilevel ridge waveguide design, shown schematically in Fig. 5 . A 1-mm-long double-stage taper was employed. Its purpose was to match the mode at the facet to that of a cleaved fiber or that of a passive silica waveguides used on silicon motherboards for hybrid integrated devices as in [13] , while delivering relatively tightly confined light into the active region to maximize the responsivity of a short low-capacitance active region.
Fabricated chips also incorporate precision cleave and scribe features (Fig. 6 ). The design of the mode converter offered the further advantage of a polarization sensitivity typically as low as 0.5 dB. Chip capacitances comprised the parasitic capacitance of the coplanar electrode structure 11 fF and the active capacitance. Chips with intended active region dimensions of 20 m 2.8 m had an average active region capacitance measured at 1 MHz and 2 V bias of 33 fF. This would give an idealized RC limited bandwidth of 96 GHz with no matching circuit when 50 . The series resistance estimated from Smith chart traces was 19 .
These devices were measured for frequency response up to 110 GHz. For these measurements, a heterodyne generation system was used [14] that offers high frequency purity from 10 GHz to 1.5 THz. Fig. 7 shows the frequency response for two different devices with different absorption lengths. These devices achieved up to 0.45 A/W for 100 GHz, while devices with longer and wider absorption length showed up to 0.6-A/W responsivity for a 3 dB-bandwidth of 70 GHz. These results showed clearly that the double taper mode converter design was efficient as it could increase the responsivity of the devices with little impact on the frequency response. However, these devices showed saturation from 15 to 20 mA (longer devices) of photocurrent, while under temperature control, suggesting more of a space charge effect in the depletion region compared to the earlier devices. Under these conditions, the devices still allowed for up to 4.5 dBm to be extracted at 110 GHz.
The mode-expanded photodiodes were also tested in an integrated frequency generation system that included a reference optical frequency comb generator (OFCG) based on the quantum dot MLLD described above and a dual DBR integrated laser module. The OFCG offered a set of narrow linewidth optical frequency lines spaced by 24 GHz over a span of 1.6 THz [15] . The monolithically integrated dual DBR laser gave two outputs combined by an integrated MMI coupler which was further integrated onto an angle tapered semiconductor optical amplifier (SOA) to boost the output power with minimum facet reflections. The dual DBR was injection locked on two of the comb lines and could offer tuning for the heterodyne signal up to 1.8 THz [15] , this signal was then injected into the photodetector described previously without any external amplification offering a 2-mA photocurrent. While the frequency and emission power performances were similar to what was measured previously with the photodetectors, one could see in Fig. 8 that the resulting signal at 98 GHz was retaining the frequency purity of the OFCG reference source, which had a phase noise level of 70 dBc/Hz at 10-kHz offset.
In our opinion, those results clearly demonstrate the potential for these fast photodetectors to be used within a photonic highfrequency purity generator for frequencies above 60 GHz.
IV. HIGH-OUTPUT POWER 30-300-GHZ PHOTOMIXERS
In this section, we report on a compact antenna-integrated photonic mm-wave transmitter employing a traveling-wave (TW) photomixer based upon an InP-based pin double waveguide structure. Fig. 9 shows a schematic of the antenna-integrated photomixer. An optical heterodyne signal is coupled via a single-mode fiber (SMF) into a passive optical waveguide (POW) which further guides the optical signal to the antenna integrated photomixer operating within the whole mm-wave range (i.e., 30-300 GHz). After photomixing of the optical heterodyne signal, the converted electrical signal is coupled to an electrical coplanar waveguide connecting the photomixer to the feeding point of a planar antenna. Due to the large difference in the dielectric constant between air and semiconductor substrate, the generated mm-wave is mainly 92 radiated through the substrate. For efficient beam-forming and coupling to free space, an additional hemispherical silicon lens is used, as reported in [16] . For achieving a wide frequency tuning range, the photomixer was integrated with a broadband planar log-periodic toothed antenna (LPTA), as can be seen in Fig. 9 .
The cross section of the InP layer structure used for the photomixer is schematically shown in Fig. 10 . Our approach comprises a traveling-wave pin waveguide structure using a partially p-doped absorbing layer and a partially non-absorbing intrinsic layer. This structure, in conjunction with a thin absorber in the drift region is expected to exhibit high photocurrent saturation without compromising the frequency response [17] , [18] . Another key benefit is the applied traveling wave principle, which differs from a lumped element in a non-RC time limited response exhibiting superior high-frequency performances. This was already demonstrated, e.g., in [19] - [21] .
In detail, the active core consists of a partially p-doped absorbing InGaAs layer (50 nm) as well as a nonintentionally doped absorbing InGaAs layer (50 nm). The drift region featuring three InGaAsP spacer layers and the InP layer are located below the intrinsic absorber. The thickness of the nonabsorbing InP drift layer is 220 nm.
This layer ensures that the applied field is dropped across the whole drift region. By varying the thickness of this layer, the overlap of the optical mode with the absorber can be adjusted. As a result, a lower overlap factor and thus a longer absorption profile and in turn a more uniform distribution of photo-generated carriers along the length of the active photomixer section is achieved. This reduces saturation effects at the front facet and enhances the overall photocurrent saturation of the photomixer [22] . For guiding the optical heterodyne signal from the SMF to the active section which is located at the feeding point of the antenna, an additional strip-loaded InGaAsP/InP POW consisting of two InGaAsP layers has been grown underneath the active waveguide, which is shown in Figs. 9 and 10. BPM CAD simulations were carried out to calculate the overall optical coupling efficiency from a lensed SMF to the active photomixer. Here, it was found, that the maximum efficiency is as high as 73% provided a proper geometrical design is applied. The photoluminescence wavelength for the nonabsorbent core was determined to be 1.21 m at room temperature, which indicates that the photomixer can be operated not only at 1.55 m but also at 1.3 m.
In Fig. 11 , the realized antenna-integrated photomixer is illustrated, comprising of a mm log-periodic antenna and an approximately 1-mm-long POW for optical feed, extending from the front surface to the active photomixer section. The photomixer, exhibiting a 100-m microstrip feed line between the active photomixer section and the antenna center, is positioned close to antenna center for low electrical losses between photomixer output and antenna feeding point. Calculated results show an input return loss around 20 dB up to 300 GHz for the integrated electrical waveguide circuitry.
The pattern and directivity of the integrated planar LPTAs were studied using FEM and FDTD. It was found that the directivity increases from 8 dBi at 30 GHz up to 25 dBi at 300 GHz and that the input antenna impedance is in the order of 74 [16] .
For measuring the power generated by the fabricated device from 30-300 GHz, a set of narrowband waveguide-coupled Schottky diode power detectors (WR22, WR15, WR10, WR8, WR5, WR3) with attached horn antennas was used. The measured relative frequency response of the fabricated antenna integrated photomixer is shown in Fig. 12 . As can be seen from that figure, the received power drops only by approximately 16 dB over the full frequency range of 30-300 GHz, which is traced back to the traveling wave concept. In addition, we investigate the polarization dependency between the receiving horn antennas and the transmitter modules. Experimentally, a maximum polarization-dependent variation of the output power of 3-5 dB was found.
For comparison, all chips were measured at a photocurrent level of only 1 mA. Here, the maximum power received in the Schottky detectors was 23.3 dBm at 33 GHz, 26.6 dBm at 100 GHz, 33.4 dBm at 200 GHz, and 38.3 dBm at 300 GHz.
As can be extracted from Fig. 13 , the received power increases linearly with the photocurrent up to 6 mA. Thus, approximately 15.6 dB higher output power levels are achieved when operating at 6 mA. Currently, the maximum photocurrent is limited to 6 mA due to the POW and a lack of a high-output power EDFA, for PDs without the POW photocurrent levels of 30 mA have been achieved.
For packaging the antenna-integrated photomixer, a quasioptical transmitter module with a SMF input was constructed comprising techniques for an efficient antenna beam generation, which was already reported in [16] . This module consists of a high-resistive (HR) silicon spacer and a hemispherical HR silicon lens for focusing the generated THz beam and is shown in Fig. 14. The package also features two DC pins for biasing the antenna-integrated photodetectors as well as means to couple the SMF to the POW of the antenna-integrated PD chip.
V. 60-GHZ PHOTONIC WIRELESS HDTV TRANSMISSION EXPERIMENT
In this chapter, we report on a very compact photonic millimeter-wave system for broadband wireless transmission of uncompressed HDTV signals. For photonic millimeter-wave generation, we utilized the MLLD described above in unlocked condition. This severely reduces the complexity as compared to other techniques like external RF modulation, optical injection locking or optical phase locking. In conjunction with the applied modulation scheme [non-return-to-zero ON-OFF keying (NRZ-OOK)] and an incoherent wireless receiver architecture, overall system complexity is extremely low. Fig. 16 shows the configuration of the 60-GHz RoF system. In general, it consists of an optical carrier generation solely using the MLLD and a subsequent broadband data modulation, a wireless 60-GHz RoF transmitter, and a wireless receiver using incoherent detection. We have packaged three modules (see Fig. 15 ), and further presented the system at ICT2008 in Lyon, France, demonstrating a live transmission of a real HDTV signal [23] .
The optical mm-wave comb generated by the MLLD is further externally modulated with NRZ-OOK data of up to 5 Gb/s using a standard 10-Gb/s electroabsorption modulator. In our testbed, a pseudo random binary sequence (PRBS) with a word length of was applied to the modulator. For bit-error-rate (BER) characterization, the optical signal is amplified by an erbium-doped fiber amplifier and adjusted with an optical attenuator (OA) thus controlling the transmitted RF power. After fiberoptic transmission to the wireless RoF transmitter via 50-m standard single-mode fiber, the optical mm-wave signal is o/e-converted by a 70-GHz PD, amplified to a maximum RF signal level of 10.8 dBm and transmitted by a standard 23-dBi horn antenna. The gain and noise figure of the power amplifier are 37.5 and 5.0 dB, respectively. After wireless transmission, the mm-wave signal is received by an identical 23-dBi horn antenna and amplified by a low-noise amplifier (LNA) with 16-dB gain and a noise figure of 4.5 dB. Further on, the envelope of the data-modulated mm-wave signal is recovered using a broadband and high-efficient GaAs Schottky detector. Finally, the detected OOK signal is amplified by an LNA for performing BER analysis. Compared to coherent detection approaches, no phase-locked loop or local oscillator is necessary for the detection, which drastically lowers the cost for the receiver.
For investigating the link system performance the wireless signal was transmitted within a laboratory environment applying a wireless path length of 2.5 m. The transmitter and receiver were placed at a height of approximately 120 cm above ground. No endeavors have been made to avoid multipath propagation. The total fiber length between MLLD and PD was set to approximately 54 m. As a start, BER characterizations have been carried out at data rates of 1.25, 1.5, 3.0, and 5.0 Gb/s, which are shown in Fig. 17 . The received RF power was controlled by adjusting the optical power into the PD with the OA. Error-free operation BER was achieved for 1.25 Gb/s-and 1.5 Gb/s-operation, giving sensitivities of 44.5 dBm and 42.5 dBm, respectively. The BER curves for 3.0 and 5.0 Gb/s-operation show error-floors of approximately and , respectively. Further on, we performed outdoor experiments with a wireless span of 25 m using the same system. Fig. 18 shows measured eye diagrams at data rates of 3.0 and 5.0 Gb/s, at an RF transmit power of approximately 8 dBm. As can be seen, the 3-Gb/s eye is clearly open while distortions become apparent in the eye diagram for 5.0-Gb/s transmission. Next, the receiver sensitivity was investigated for a wireless path length of 25 m, which is shown in Fig. 19 . The BER curves for 1.25, 1.5, and 3 Gb/s are nearly congruent, exhibiting sensitivities of 46, 45.5 and 45 dBm, respectively. The BER curve for 5-Gb/s operation shows an error floor at about . Comparing the results achieved with 2.5-and 25-m wireless transmission, the sensitivities are slightly improved for outdoor operation, although wireless distance was longer in the outdoor case. We expect this to be due to a much better SNR in the photonic transmitter, as the optical input power to the PD in the transmitter was much higher for the outdoor case. Regarding Fig. 16 . Schematic of the constructed 60-GHz RoF link consisting of an optical mm-wave carrier generation using an MLLD with subsequent broadband data modulation, a photonic 60-GHz transmitter, and a wireless receiver. The components indicated in the dashed box are used for the characterization issues. especially the 5-Gb/s curve, here we assume the limited envelope detector's video bandwidth of about 2.7 GHz responsible for the error-floor as all other components exhibit a sufficient bandwidth. In the experiments, we have used medium-gain antennas with a gain of 23 dBi. Considering high-gain antennas like Cassegrain or Gaussian optical lens antennas would increase the possible wireless path length to several hundreds of meters, even considering atmospheric gaseous, as well as rain attenuation [24] .
VI. 60-GHZ BROADBAND PHOTONIC WIRELESS
TRANSMISSION EXPERIMENT The boom in mobile internet and data services leaves no doubt that today's wireless networks will very soon face a capacity crunch. Worldwide mobile data and Internet traffic is doubling about every 18 months, and operators encourage subscribers to mitigate from previous generation mobile standards such as GSM with a bandwidth of a few hundred kilobits per second to HSPA and LTE in the future offering a peak bandwidth of up to 150 Mb/s [25] . As a result, future wireless backhauling in mobile networks and in access networks must be capable of providing throughputs well in the gigabit per second range.
In comparison to all-electronic wireless systems, photonic solutions generally have the edge whenever high aggregate bit rates and/or long transmission distances are involved and consequently most broadband wireless demonstrations to date employed photonic approaches [26] - [34] . We have previously reported on a photonic broadband 12.5-Gb/s wireless system operating at 60 GHz using ASK modulation [24] , [35] . However, in that case, the spectral efficiency in the wireless domain was below 0.5 b/s/Hz, meaning that within the regulated bandwidth from 57 to 64 GHz, it was only possible to transmit a maximum throughput of about 3.5 Gb/s.
Here, we report on a compact and high spectral-efficient super-broadband photonic wireless system operating within the 7-GHz spectral bandwidth in the 60-GHz band. Fig. 20 shows the configuration of the 60-GHz photonic wireless testbed. In general, the system consists of an optical mm-wave carrier generator unit with a subsequent broadband data modulation, a photonic wireless transmitter, and a coherent wireless receiver.
For optical mm-wave carrier generation, light from a DFB laser source at a wavelength of 1548.9 nm is modulated using a single-drive 35-GHz bandwidth Mach-Zehnder modulator (MZM-1), which is biased to the minimum transmission point (MTP) for generating an optical double-sideband signal with suppressed carrier (DSB-SC). A polarization controller is used to minimize the polarization dependent losses. The modulator is driven by a sinusoidal source with a frequency of 34.7 GHz, thus creating a double-sideband RF carrier with a frequency of 69.4 GHz. With an applied power of 13 dBm, the optical carrier suppression is measured to be approximately 19 dB. To compensate for the modulation losses while operating at MTP, an EDFA was implemented followed by an optical bandpass filter to remove ASE noise. The signal power of the data-modulated optical mm-wave carrier is approximately 14 dBm at this stage.
Photonic data modulation is performed by external modulation as well. The DC-bias is set to the quadrature point to achieve a quasi-linear modulation of the optical signal in conjunction with a sufficiently low power of the modulating data signal. A polarization controller is used before the modulator to minimize the polarization dependent loss.
The applied OFDM signal under test is created on a computer using Matlab with an FFT block size of 2048, 2009 data subcarriers, 34 pilots, and 5 null subcarriers. Total signal bandwidth is set to 7 GHz, while applying QAM-modulation for each data subcarrier. Signal generation is performed by a Tektronix AWG7102 10-GS/s dual-output arbitrary waveform generator (AWG), where the -and the -component of the OFDM signal are combined and applied to a mixer. A sinusoidal microwave source is applied to the LO input of the mixer to up-convert the signal to an IF carrier frequency of 8.5 GHz.
The LO power level is 24 dBm. The upconverted OFDM signal is amplified by a 18-dB gain power amplifier (PA-1) to a level of approximately 3.5 dBm and applied to the RF electrode of MZM-2.
After fiber-optic transmission to the wireless RoF transmitter, the optical mm-wave signal is o/e converted by a 70-GHz photodetector. The converted mm-wave signal is amplified by LNA-1 with a gain of 20 dB and a noise figure of 6 dB and LNA-2 18 dB 6 dB to a transmit power of approximately 1 dBm and coupled to a 23-dBi gain horn antenna. Considering carrier and intermediate frequency, the OFDM signal is centered at 60.9 GHz, giving a consumed bandwidth of 57. 4-64.4 GHz. This does not quite exactly meet the worldwide regulatory specifications of 57-64 GHz [36], [37] . This is due to the insufficient bandwidth of LNA-2.
The wireless receiver consists of an identical 23 dBi horn antenna. After amplification by a low-noise amplifier LNA-3 with a gain of 18.6 dB and a noise figure of 4.5 dB, the signal is coupled to a low-loss custom design balanced mixer for down-conversion. The LO frequency is 53.2 GHz which down-converts the mm-wave signal to an intermediate frequency centered around 7.7 GHz. This signal is further amplified by LNA- 4 22 dB 4 dB to a power level of approximately 5 dBm and coupled to a Agilent DSO91304A 13-GHz bandwidth real time oscilloscope (RTO) with a sampling speed of 40 GS/s to capture the IF signal. Finally, OFDM demodulation and EVM evaluation are performed offline using Matlab.
For evaluating the system performance, we have performed experiments in a laboratory environment with a fiber-optic transmission span of 10 m and a wireless path length of 2. respectively. For the measurements, transmitter and receiver are placed at a height of approximately 90 cm above the floor level.
The received spectrum and constellation diagram for 20.28-Gb/s photonic-wireless transmission using 8-QAM subcarrier modulation are shown in Fig. 21 . The measured mean EVM is 18.8% for a SNR of 18.9 dB. From the EVM, a BER of can be computed which is below the forward error correction (FEC) limit of [38] . We further demonstrated 16-QAM modulated OFDM transmission, which corresponds to a data rate of 27.04 Gb/s at a bandwidth of 7 GHz. The received spectrum and the constellation diagram are shown in Fig. 22 . The measured mean EVM is here 17.6% for a SNR of 21.5 dB. From the EVM, a BER of can be computed, which is slightly above the FEC limit [38] .
It should be mentioned that because of the large bandwidth used (7 GHz) and the limited quantization bits of the AWG, the EVM is already high, even for back-to-back baseband OFDM transmission (i.e., direct connection between the AWG and the RTO). As an example, for 32-QAM, the EVM is already 8.42% with only slightly better levels for 16-QAM and 8-QAM. The further increase of the EVM is due to the limited bandwidth of the IF -mixer as well as due to limited stability and bandwidth of the photonic 60-GHz upconversion process.
VII. CONCLUSION
We described broadband photonic wireless transmission links in the 60-GHz band with record data rates up to 27 Gb/s. Optical frequency comb generation by using self-pulsating modelocked lasers and high output power photodetectors, which are key devices for high-performance wireless systems were developed and reported. We also demonstrated 30-300-GHz tunable mm-wave frequency generation utilizing packaged antenna integrated photomixers. He spent one year as a Project Engineer with Sfim-ODS, working on the development of microchips lasers. He then worked within the Optoelectronics Research Centre, University of Southampton, Southampton, U.K., on diode pumped high-power ytterbium-doped fiber-lasers, with particular interest on a Q-switched system and 980-nm generation. He is currently a Lecturer and site director of a doctoral training center at the University College London, U.K., where he is working on optoelectronic devices and systems. His current research includes works on uncooled WDM sources, agile tunable laser diodes, and monolithic optical frequency comb generators using the quantum confined Stark effect, high frequency photodetectors (UTC, traveling wave) , and optical frequency generation systems in the optical and millimeter-wave domains (DWDM, THZ). Dr. Rogers is a Member of the Institute of Physics. He is a Chartered Physicist.
Dave Rogers
